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ABSTRACT
The aim of this work is confirming the optical identification of PSR B1133+16, whose
candidate optical counterpart was detected in Very Large Telescope (VLT) images
obtained back in 2003. We used new deep optical images of the PSR B1133+16 field
obtained with both the 10.4 m Gran Telescopio Canarias (GTC) and the VLT in the g′
and B bands, respectively, to confirm the detection of its candidate optical counterpart
and its coincidence with the most recent pulsar’s radio coordinates. We did not detect
any object at the position of the pulsar candidate counterpart (B ∼ 28), measured
in our 2003 VLT images. However, we tentatively detected an object of comparable
brightness in both the 2012 GTC and VLT images, whose position is offset by ∼ 3.′′03
from that of the pulsar’s candidate counterpart in the 2003 VLT images and lies
along the pulsar’s proper motion direction. Accounting for the time span of ∼ 9
years between the 2012 quasi-contemporary GTC and VLT images and the 2003 VLT
one, this offset is consistent with the yearly displacement of the pulsar due to its
proper motion. Therefore, both the flux of the object detected in the 2012 GTC and
VLT images and its position, consistent with the proper motion-corrected pulsar radio
coordinates, suggest that we have detected the candidate pulsar counterpart that has
moved away from its 2003 discovery position.
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1 INTRODUCTION
PSR B1133+16 is a ∼5Myr old, nearby radio pulsar at
a parallactic distance of ∼350 pc, also detected in X-rays
by Chandra (Kargaltsev et al. 2006). Recently, Zharikov
et al. (2008a) presented the results of deep optical imag-
ing of the PSR B1133+16 field, taken with the ESO Very
Large Telescope (VLT) in the B, Rc, and Hα bands in
2003 and in the B band in 2001, aimed at searching for
the optical counterpart of the pulsar and its bow shock
nebula. A faint B=28.m1(3) source was detected and pro-
posed as the optical counterpart of PSR B1133+16, since
its position was consistent with that of the radio pulsar
and its X-ray counterpart, measured by Chandra. The up-
per limit in the R band implied a colour index B-R.0.5,
which is compatible with those of most pulsars identified
? Based on observations made with the Gran Telescopio Canarias
(GTC), installed in the Spanish Observatorio del Roque de los
Muchachos of the Instituto de Astrofsica de Canarias, in the is-
land of La Palma (program GTC1-12AMEX) and also on obser-
vations collected at the European Organisation for Astronomi-
cal Research in the Southern Hemisphere, Chile. ESO number is
088.D-0298.
in the optical range (Mignani & Caraveo 2001; Zharikov
et al. 2004; Shibanov et al. 2006). The pulsar radio parallax
pi = 2.80(16) mas measured by Brisken et al. (2002) yields a
distance of 350±20 pc. For this value, both the derived B-
band optical luminosity LB = 5.75
+2.76
−1.864 × 1026 ergs cm−2
s−1 of the candidate counterpart and its ratio to the X-ray
luminosity LX = 5.01
+4.30
−2.41 × 1028 erg cm−2 s−1 in the 2–
10 keV energy range are also consistent with the expected
values derived from a sample of pulsars detected in both
spectral domains (Zharikov et al. 2006). Although the pul-
sar radio proper motion of µα = −73.95(38) mas yr−1 and
µδ = 368.05(27) mas yr
−1 (Brisken et al. 2002) yields a high
transverse velocity of 631±30 km s−1, no Hα Balmer bow
shock was detected by Zharikov et al. (2008a), implying a
low density of ambient matter around the pulsar. However,
both in the VLT Hα images and in the Chandra X-ray ones,
they detected the signature of a trail extending ∼ 4′′—5′′
behind the pulsar and coinciding with the direction of its
proper motion.
The association of the proposed optical counterpart
with PSR B1133+16 can be easily verified by follow-up
imaging of the field at a distance of a few years. Owing to
the pulsar proper motion, its candidate optical counterpart
is expected to show an apparent displacement of ∼ 3′′ due
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Table 1. Log of the VLT/FORS2 and GTC/OSIRIS observations
of PSR B1133+16 (first and second half, respectively).
Date Filter Texp AM∗ Seeing∗
(yyyy-mm-dd) Exposure(s) Airmass (′′)
2012-03-25 bHIGH 600× 5 1.35(5) 0.70(5)
2012-03-26 bHIGH 600× 10 1.35(5) 0.72(5)
2012-04-22 g′ 686× 16 1.13(10) 1.05(10)
∗ - average value during the run and its dispersion.
north-west between our first-epoch VLT image (2003) and a
second one acquired at the beginning of 2012. The measure-
ment of such a displacement would provide an unambiguous
piece of evidence to confirm the proposed identification. In
this paper, we report on the results of new observations of
the pulsar field performed with the 8m VLT and the 10.4m
Gran Telescopio Canarias (GTC) at the beginning of 2012,
aimed at detecting the candidate optical counterpart at the
proper motion-corrected pulsar position.
The observations and data reduction are described in
Sect. 2, while the results and conclusion are presented and
discussed in Sect. 3 and 4, respectively.
2 OBSERVATION AND DATA REDUCTION
We observed the field of PSR B1133+16 using the FO-
cal Reducer/low dispersion Spectrograph, (FORS2; Appen-
zeller et al. (1998)) at the VLT (program 088.D-0298(A)),
and the Optical System for Imaging and low Resolution
Integrated Spectroscopy (OSIRIS; Rasilla et al. (2008)) at
the GTC (program GTC1-12AMEX) through the bHIGH (λ
= 4400±517 A˚) and g′ (λ = 4815±765 A˚) filters, respec-
tively. The total integration time was 9000s in the bHIGH
and 10967s in the g′ filters. To increase the signal–to–noise,
for both the VLT and GTC observations we used a 2×2 bin-
ning of the detector, which gives a projected pixel size on
the sky of 0.′′252 and 0.′′254, respectively. The observation
log is summarised in Table 1. Images of standard stars and
day/twilight calibration frames were taken in each observing
run. We reduced the science images in a standard way using
dedicated programs in the iraf and midas packages to re-
move instrumental effects, i.e. by applying the bias and flat-
field correction, and removed the cosmic rays’ tracks before
image alignment and stacking. We removed the residual het-
erogeneity of the sky background in the vicinity (200× 300
pixels or 50.′′8×75.′′2) of the pulsar in GTC images using
the midas command fit/flat sky with a second order two-
dimensional polynomial.
We used the astrometric solution obtained by Zharikov
et al. (2008a) for the 2003 VLT/FORS2 images to apply
the astrometric calibration to the 2012 GTC and VLT ones.
To do this, we measured the pixel and absolute coordinates
of five stars in vicinity of the expected pulsar position and
applied the ccmap task in iraf to compute the pixel–to–sky
coordinate transformation in the new GTC and VLT images.
The formal rms of the fit is very small (∼0.′′01) because of
the small region (200 × 300 pixels) and number of refer-
ence stars that we used. Enlarging the region and including
more reference stars did not change this result significantly.
Therefore, the errors of the astrometric solution of the 2003
VLT/FORS2 image (1σ ∼ 0.′′2 in RA and DEC) dominate
the overall astrometric accuracy of the new data.
We performed the photometric calibration using stan-
dard stars in the NGC 2298 and Leo I fields (VLT/FORS2)
and in the PG 0918+029D one (GTC/OSIRIS) observed
during the nights. We applied the airmass correction using
the most recent extinction coefficients ki for Cerro Paranal
and Roque de Los Muchachos, available on the observa-
tories web pages1. The computed zero-point of the 2012
VLT/FORS2 image is C(bHIGH) = 27.83(3) (in ADU). We
determined the formal 3σ detection limit (99.7% significance
level) of the image as the flux of a star-like object corre-
sponding to 3σbg, where σbg =
√
F bg and F bg is a flux of
the sky background integrated in a rectangular aperture of
1.′′0×1.′′0 size. We chose the size and shape2 of aperture to
maximise the S/N ratio, according to the seeing condition
during the observations (Table 1). For consistency with the
standard stars’ photometry, the measured flux was corrected
for the finite size of the aperture using the computed aper-
ture correction δmi. By applying the computed zero point
and the atmospheric extinction correction, we derived 3σ
detection limits:
m3σi = Ci−2.5 log
(
3
√
F bgi
Texp
)
−δmi−ki×AM ; i = g′, bHIGH
that correspond to bHIGH ≈ 28.05 = 2.4 × 10−2µJy. We
computed the Sloan g′ magnitude of the Landolt’s standard
star PG 0918+029D using the relation g′ = V + 0.54(B −
V )−0.07 from (Smith et al. 2002, see Table 7), which yields
a zero-point C(g′) = 28.74(2) for the GTC/OSIRIS image,
the same as listed in the instrument web page. By apply-
ing this value, and using the same approach as above, we
estimated the corresponding formal 3σ detection limit as
g′ ≈ 28.15 = 2.0 × 10−2µJy. The detection limits are com-
parable in deepness for both telescopes/instruments, with
the larger aperture of the GTC compensated by the better
seeing conditions of the VLT observations (see Table 1).
3 RESULTS
The results of our observations are presented in Fig. 1.
The top two panels show the co-added 2012 GTC/OSIRIS
g′(left) and VLT/FORS2 bHIGH-band (right) images, respec-
tively. The stack of the two images is shown in the bottom
right panel. The bottom left panel shows, as a reference, the
2003 VLT/FORS2 image reported by Zharikov et al. (2008a)
and taken through the BBESS filter (λ = 4290±440 A˚). In all
images, colored dots mark the expected position of the pul-
sar at the epoch of the 2003 VLT observation (red) and 2012
VLT+GTC observations (green), computed according to its
measured proper motion (Brisken et al. 2002). The 2003 and
1 http://www.eso.org/observing/dfo/quality/FORS2/qc/
photcoeff/photcoeffs fors2.html
http://www.ing.iac.es/Astronomy/observing/manuals/
ps/tech notes/tn031.pdf
2 The rectangular shape of the aperture was selected by us to
avoid additional uncertainties following from approximating the
area of a circular aperture filled by rectangular pixels.
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Figure 1. Top: 15′′× 15′′ sections of the 2012 GTC/OSIRIS g′ (10967 s; left panel) and VLT/FORS2 bHIGH-band (9000 s; right panel)
images of the PSR B1133+16 field. For a better representation, both images have been smoothed with a 3×3 pixels Gaussian kernel that
approximately corresponds to the size of the measured PSF. Bottom: 15′′× 15′′ section of the 2003 VLT/FORS2 BBESS-band image of
Zharikov et al. 2008a (left panel) and co-addition of the 2012 GTC/OSIRIS and VLT/FORS2 g′ and bHIGH-band images (right panel).
The magenta contours from the GTC g′-band image are overlaid on the 2012 VLT/FORS2 bHIGH-band and 2003 BBESS images, as a
reference. The first contour corresponds to the flux from an object detected in the 1′′× 1′′ aperture with the ∼ 3σ level. Others contour
have been selected arbitrary for the best presentation. We note that the pixel size of the 2003 VLT image was twice as small as that of the
2012 VLT one. In all images, coloured dots mark the position of the pulsar at the epoch of the 2003 VLT observation (red) and the 2012
GTC and VLT observations (green). The radio interferometric positions are known to negligible uncertainties on this figure. The object
marked by the arrow at the 2003 pulsar position in the lower left panel is the candidate pulsar counterpart of Zharikov et al. 2008a,
whereas the arrow in the other panels marks the proposed counterpart at the 2012 pulsar position. The ellipse and the circle mark the
3σ error boxes on the pulsar’s radio positions, which follow from the accuracy of the astrometry calibration of the optical images, the
error on the pulsar radio coordinates, and the error on the pulsar’s radio proper motion extrapolation, while the black arrow shows the
direction of the pulsar proper motion. The size and the shape of the red ellipse takes in account the time span of the observations during
the 2003 VLT runs (Zharikov et al. 2008a). The magenta rectangles in the bottom-right panel show the integrating aperture 1′′ × 1′′,
the ignored area, and the local background area used for photometric measurements.
2012 pulsar coordinates are summarised in Table 2. The red
ellipse and green circle mark the 3σ error boxes associated
with the 2003 and 2012 pulsar positions (Table 2), which
follow from the accuracy of the astrometry calibration of
the optical images, the error on the pulsar radio coordinates
at the reference epoch, and the error on the pulsar’s radio
proper motion extrapolation. The fact that the uncertainty
on the pulsar position is larger at the epoch of the 2003
observations is due to the fact that they were spread over a
larger time span than the 2012 ones, which increases the un-
certainty due to the propagation of the proper motion error.
The black arrow shows the direction of the pulsar proper mo-
c© 2013 RAS, MNRAS 000, 1–8
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Figure 2. Left panel: Magnitude vs. signal–to–noise (SN) ratio calculated for both the co-added 2012 VLT bHIGH and GTC g
′ images.
Magnitudes and associated errors of the PSR B1133+16 candidate counterpart are shown by the circles and thick solid lines, respectively.
The numbers on the top axis show the detection significance corresponding to a given S/N ratio. The arrows mark the computed 3σ
detection level in each band. Right panel: Dependence of position errors vs. S/N ratio for a sample of objects selected at random in
the GTC/OSIRIS field of view. The solid line corresponds to the fit to the measured points with a function y = A × xB , which gives
A=0.92 and B = -0.5. The error on the displacement of an object with S/N ratio as low as ∼ 3, such as the PSR B1133+16 candidate
counterpart, can be as high as half of the measured image seeing.
Table 2. Expected coordinates of PSR B1133+16 at the epochs
of the 2003 and 2012 VLT observations (second and third row)
computed according to its proper motion (Brisken et al. 2002).
The pulsar coordinates given by Brisken et al. (2002) are reported
in the first row. The associated 3σ error in both right ascension
and declination is 0.′′046. Columns δRA and δDEC corresponds to
the 3σ uncertainties on the expected position in right ascension
and declination, which follow both from f the accuracy on the
reference radio coordinates, the propagation of the proper motion
error, and the accuracy of the astrometry calibration of the optical
images. The fact that the uncertainty is larger at the epoch of the
2003 observations is due to the fact that they were spread over a
larger time span than the 2012 ones.
Epoch RA DEC δRA δDEC
hh mm ss o ’ ” (′′) (′′)
2000.00 11 36 03.183 +15 51 09.726 0.046† 0.046†
2003.66 11 36 03.16 +15 51 11.06 0.63? 1.02?
2012.23 11 36 03.11 +15 51 14.37 0.64 0.64
† Brisken et al. (2002)
? Zharikov et al. (2008a)
tion. The candidate optical counterpart to PSR B1133+16,
detected in both the 2003 and 2012 images, is tagged by the
vertical arrows.
As seen, the pulsar’s candidate counterpart of Zharikov
et al. (2008a) is not detected at its 2003 discovery position in
our new images. However, an object is marginally detected
near the expected 2012 pulsar radio position in both the
GTC g′ and VLT bHIGH-band images (Fig.1, top left and
right panel, respectively). The shape of the object is consis-
tent with a point-like source in the bHIGH-band image but it
looks somehow extended in the g′-band one, possibly owing
to a blending with a nearby object or background fluctuation
and the worse seeing conditions of the GTC observations.
We measured its magnitude through aperture photom-
etry using the same approach as in Zharikov et al. (2008a),
and as described in Sectn. 2, and choosing an optimal aper-
ture of 4×4 pixels (∼ 1′′×1′′) (see Fig. 1, lower right panel).
The object’s fluxes are g′ = 28.0(3) and bHIGH = 28.1(3) (see
footnote to Table 3 for details of the measurement), where
the associated errors are purely statistical. We note that,
after accounting for the differences between the different fil-
ters, the measured object’s fluxes are comparable with that
of the candidate pulsar counterpart (BBESS = 28.1(3); Fig.1,
lower left panel) discovered by Zharikov et al. (2008a). Al-
though in both the 2012 GTC and VLT images the object’s
signal–to–noise (S/N) ratio corresponds to a ∼ 3σ detection
only (Fig.2, left), its independent detection in both of them
suggests that it is real and not a background fluctuation.
The object detection is also made more apparent by the co-
addition of the GTC and VLT images (Fig.1, lower right
panel). However, to rule out the possibility that this object
is spurious, we estimated the number of counts produced by
random fluctuations of the background at random positions
selected within a radius of 3′′ around the object’s position
and using the same aperture as used to measure its flux.
The brightest background fluctuations in a box of 4× 4 pix-
els (1′′ × 1′′) only give fluxes of g′ ∼ 29.1 and bHIGH ∼ 28.8.
This means that the flux of the object detected in both the
GTC and VLT images cannot be due to background fluctu-
ations but it is likely ascribed to a real astrophysical source.
The position of the object detected in the 2012 GTC
and VLT images (Fig.1, top left and right panel, respec-
tively) is slightly offset to the East (∆r ∼0.′′6) from the
expected 2012 pulsar position (green dot), although such
an offset is still consistent with the overall 3σ error on
the computed pulsar’s position (green hatched circle). The
c© 2013 RAS, MNRAS 000, 1–8
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Figure 3. 15′′× 15′′ sections of the PSR B1133+16 field. Images have been smoothed by a 3× 3 pixel Gaussian kernel. The panels show
the co-addition of the 2012 VLT/FORS2 and GTC/OSIRIS images, obtained through the bHIGH and g
′ filters, respectively (top left),
the co-addition of the archival VLT/FORS2 R-band images taken in 2003 and 2004 (top right), the co-addition of the B-band images of
Zharikov et al. 2008 taken in 2001 and 2003 (bottom panels). The red contours correspond to the 2003+2004 VLT R-band image, while
the blue contours (bottom right panel) correspond to the co-addition of the 2012 VLT and GTC images. As in Fig. 1, the red and green
dots mark the 2003 and 2012 pulsar’s radio positions, respectively, with their associated 3σ uncertainties marked by the red ellipse and
the green circle, respectively. The black arrow shows the direction of the pulsar’s proper motion. Contours have been selected also in
the same way as in Fig.1.
same is true for the pulsar candidate counterpart detected
in the 2003 VLT image (Fig.1, bottom left), whose position
is slightly offset to North East with respect to the com-
puted pulsar position at the same epoch (red dot) but still
within the associated uncertainty (red hatched ellipse). In-
terestingly enough, the offset between the object detected
in the 2012 VLT and GTC images and the pulsar candidate
counterpart detected in the 2003 VLT image (3.′′03) is in the
direction of the pulsar proper motion. Such an offset differs
by only 0.′′27 from the computed pulsar displacement (3.′′3)
between the epochs of the 2003 VLT and the 2012 VLT and
GTC observations. To estimate the significance of this dif-
ference we used the GTC images (686 s) to select a sample
of objects detected at various S/N in the pulsar vicinity. For
each image, we measured the objects’ positions on the detec-
tor and calculated the associated uncertainties as a function
of the S/N ratio (Fig.2, right). As expected, the position
uncertainties increase with decreasing of the S/N ratio and
are as large 2 pixels (0.′′56), i.e about half of the image PSF,
for objects detected with S/N < 10. In particular, the 0.′′27
difference between the 2003–2012 pulsar displacement and
the offset of the object detected in the 2012 images from
the pulsar candidate counterpart in the 2003 one does not
exceed the estimated position uncertainty for an object de-
tected with S/N ∼ 3.
Therefore, within the position errors, we can claim
c© 2013 RAS, MNRAS 000, 1–8
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coincidence between the computed 2012 radio position of
PSR B1133+16 and that of the object detected in the 2012
GTC and VLT images. Moreover, we can also claim consis-
tency between the offset of the object position from that of
the pulsar candidate counterpart of Zharikov et al. (2008a)
detected in the 2003 VLT image and the pulsar’s proper mo-
tion displacement between the two epochs. This, together
with the similar brightness of the two objects, suggests that
we detected the PSR B1133+16 candidate counterpart of
Zharikov et al. (2008a) in the 2012 GTC and VLT images,
which is not detected at its 2003 discovery position (Fig.1,
top right and left panel) as the result of the pulsar proper
motion.
Of course, another possibility is that the candidate
counterpart of Zharikov et al. (2008a) has not moved from its
2003 discovery position, hence is not the actual pulsar coun-
terpart, and has not been detected in our more recent data
just because its flux (BBESS = 28.1(3)) is comparable with
the 3σ detection limits of both the 2012 GTC (g′ ≈ 28.15)
and VLT (bHIGH ≈ 28.05) images (Fig.2, left). In this case,
the object found at the 2012 pulsar’s radio position should
have been visible in our previous images of the field. We
show in Fig. 3 the co-added 2012 GTC g′ and VLT bHIGH-
band image of the PSR B1133+16 field (top left panel) and
the co-added 2003+2004 VLT R-band one (top right panel)
presented in Zharikov et al. (2008a). In both panels, the con-
tours of the R-band image are overlaid (in red). As seen, a
faint object, of magnitude R = 26.8(2), is detected in the
R-band image, very close to the computed 2012 pulsar’s ra-
dio position and that of the object detected in the co-added
2012 GTC g′ and VLT bHIGH-band images. Thus, it is pos-
sible that the two are the same object, which means that
the latter would not be the pulsar’s counterpart. To inves-
tigate this possibility we checked whether the two objects
are also detected in the co-added 2001+2003 VLT BBESS-
band image. As seen, although there are a few obvious back-
ground fluctuations within 1′′ from the positions of the two
objects, no object is clearly detected in this region (Fig. 3,
lower left and right). We note that the 3σ detection limit
of the 2001+2003 VLT BBESS-band image is BBESS = 28.6
(Zharikov et al. 2008a), which would correspond to an un-
usually red colour B−R & 1.8 for the object detected in the
2003+2004 VLT R-band image. Moreover, the BBESS-band
limit is significantly fainter than both the 2012 GTC and
VLT 3σ detection limits (g′ ≈ 28.15; bHIGH ≈ 28.05). This
means that the object detected in the 2003+2004 VLT R-
band image, but undetected in 2001+2003 VLT BBESS-band
one, cannot be the same as that detected in the co-added
2012 GTC g′ and VLT bHIGH-band images.
Another possibility is that the object detected in the
2003+2004 VLT R-band image is variable. In this case, it
might have been undetected in the 2001+2003 VLT BBESS-
band image but detected in the 2012 GTC g′ and VLT
bHIGH-band one. Unfortunately, the lack of an R-band ob-
servation in 2012 for comparison with the 2003+2004 VLT
one does not allow us to directly rule out this possibility.
However, we estimate that this probability is very low since
we did not find any faint but strongly variable object in the
pulsar vicinity.
Finally, one possibility is that the objects detected at
the pulsar radio positions in the 2003 and 2012 images are
both background fluctuations. Zharikov et al. (2008a) esti-
Table 3. Measured g′ and b HIGH magnitudes and fluxes of the
PSR B1133+16 candidate counterpart, computed through aper-
ture photometry.
Telescope Fluxap k δm m log(F)
filter (ADU/s) µJy
GTC/g′ 0.752 0.14 0.83 28.0(3) -1.62(12)
VLT/bHIGH 0.356 0.25 0.57 28.1(3) -1.64(12)
Fluxap = (Flux1′′×1′′−FluxSKY1′′×1′′ )
mi = Ci − 2.5 ∗ log(Fluxapi )− δmi − ki ×AMi; i = g′, bHIGH
ki - atmospheric extinction coefficient
δmi - aperture correction
mated that the probability of detecting a source at the 3σ
level at the 2003 radio pulsar position was about 60-90%,
as follows from the number density of faint sources in the
pulsar vicinity. This means that the probability of not de-
tecting the same 3σ source in an independent set of obser-
vations, taken in the same pass band, with approximately
equal conditions and exposure lengths, as the result of back-
ground fluctuations is about 10%–40%. Accounting for the
difference in pass bands and weather conditions, we conser-
vatively estimate a maximum probability of 50%. Therefore,
the probability of not detecting the PSR B1133+16 candi-
date counterpart, detected in the 2003 VLT B-band image,
in both the 2012 VLT and GTC ones is <25%. The proba-
bility of detecting a spurious source at the 2012 pulsar po-
sition in both the VLT and GTC images is <25%, too. The
combined probability is thus . 6% and, taking into account
the absence of any source at the 2012 pulsar position in the
VLT 2001+2003 R-band images, this probability decreases
to .3%.
To summarise, we think that is plausible that the object
that we tentatively detected at the expected pulsar position
in the 2012 GTC and VLT images is indeed the candidate
pulsar counterpart of Zharikov et al. (2008a) that has moved
along the pulsar’s proper motion direction.
4 DISCUSSION
The measured fluxes of the candidate pulsar counterpart in
the three blue filters (2012 GTC g′, 2012 VLT bHIGH, and
2003 VLT BBESS) are consistent with each other (see Ta-
ble 3). Unfortunately, we could not obtain a more precise
flux measurement because it is close to the detection limits
of our new observations. However, we note that the the can-
didate pulsar counterpart does not look redder in the g′ filter
in comparison with the bHIGH and BBESS ones, although the
low S/N ratio of the detection in each filter and their rela-
tively close wavelengths do not allow us to draw firm con-
clusions on its spectrum. This would exclude an extremely
steep spectrum for the candidate pulsar counterpart, which
might have a flat spectrum like that of another similar-age
pulsar PSR B0950+08 (Zharikov et al. 2004).
Our new detection of the candidate counterpart would
confirm that the relatively high values of the optical lumi-
nosity logLB = 26.76(17) and efficiency log ηOpt = −5.2(2)
of PSR B1133+16 are comparable to that of young and en-
ergetic Crab-like pulsars (Zharikov et al. 2008a). In Fig. 4
c© 2013 RAS, MNRAS 000, 1–8
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Figure 4. From top to bottom: evolution of the pulsar spin-down,
radio, optical and X-ray luminosity, and respective efficiencies, as
a function of the dynamical age. The full circles show the luminos-
ity and radiation efficiency of pulsars with optical counterparts,
while the triangles mark upper limits. The points show the ra-
dio luminosity of the rest of radio pulsars taken from the ATNF
pulsar catalogue (Manchester et al. 2005). The data was taken
from Zharikov et al. (2006) and updated using Danilenko et al.
(2012), Mignani et al. (1999, 2009, 2010, 2011, 2013), Shibanov et
al. (2008), Zharikov et al. (2008a, 2008b) and references there in.
The vertical line marks the age when the change of the behaviour
of the radiation efficiency occurs.
we show the time evolution of the pulsar radio (LR), opti-
cal (LOpt) and X-ray luminosity (LX), and respective effi-
ciencies ηR,Opt,X = LR,Opt,X/Lsd, as a function of the dy-
namical age3(τ). The data was taken from Zharikov et al.
(2006) and updated. Eighteen pulsars with optical counter-
parts or with significantly deep upper limits on the optical
luminosity are known. This sample of pulsars confirms the
non-monotonic evolution of the pulsar radiation efficiency
in the optical and X-ray domains. While the spin-down lu-
minosity obviously decreases with the pulsar dynamical age,
the radio luminosity does not, which implies that the radio
efficiency must increase with the dynamical age. The ob-
served dispersion in radio luminosity for pulsars of the same
age likely results from a combination of several factors such
as the magnetic inclination of their dipolar fields and view-
3 The spin-down luminosity Lsd = 4pi
2IP˙ /P 3 and dynamical
age τ = P/2P˙ are combinations of the period and the period
derivative and we show Lsd vs. τ for an illustration only.
ing geometry of the radio emission beam. At variance with
the radio efficiency, there is a clear evidence of a change in
the behaviour of the optical and X-ray efficiencies, which ini-
tially seem to decrease before starting to flatten or increase
at larger ages. The turnover is located around τ ∼ 104 years.
At the same time, the time evolution of Lopt, LX and ηopt,
ηX does not show any dependence on the pulsar surface mag-
netic field, which, more likely, corresponds to an evolution
of the population of relativistic particles responsible for the
emission. We note that the timescale τ ∼ 104 years is com-
parable to the transition between neutrino and photon cool-
ing stage (Yakovlev, Levenfish, & Shibanov 1999; Yakovlev
et al. 2004, and references therein) in neutron stars. There-
fore, we propose that the change of the cooling stage af-
fects the distribution of relativistic particles in the pulsar
magnetosphere, which is reflected in the dependence of the
optical/X-ray efficiency on the pulsar age. The slopes of the
time evolution of ηopt(τ) and ηX(τ) after 10
4 years are prac-
tically similar and compatible with that of ηR(τ) (Fig. 4).
The cooling theory predicts that after 105 years the sur-
face temperature of the neutron star drops below 105 K and
the emission is dominated by non-thermal radiation from
the magnetosphere. Indeed, a non-thermal spectral compo-
nent has been presumably detected in the broad-band opti-
cal emission from two nearby old pulsars: PSR B1929+10
(Mignani et al. 2002) and PSR B0950+08 (Zharikov et al.
2004).
5 CONCLUSION
We observed the PSR B1133+16 field in the B band in
March 2012 with both the 10.4m GTC and the 8m VLT. We
detected a faint object, g′ = 28.0(3) and bHIGH = 28.1(3),
in both the GTC and the VLT images, whose position is co-
incident with the 2012 pulsar’ radio coordinates computed
after accounting for its proper motion (Brisken et al. 2002).
Although the object is at the detection limit in both the
GTC and VLT images, its independent detection in the two
data sets suggests that it is real. We detected no object at
the position of the originally proposed optical counterpart
of PSR B1133+16 (Zharikov et al. 2008a), which was co-
incident with the 2003 pulsar’s radio position. This would
be naturally explained by the expected displacement of the
proposed counterpart along the pulsar proper motion direc-
tion. The flux of the object that we identified at the 2012
pulsar’s radio position is also consistent with that of the
proposed counterpart of Zharikov et al. (2008a), which was
BBESS = 28.1(3). Therefore, we believe that we obtained a
second-epoch detection of the pulsar candidate counterpart.
PSR B1133+16 would then be the eleventh pulsar detected
in the optical (Mignani 2011). Confirming the identification
of the optical counterpart of PSR B1133+16 would provide
a possibility to study the broad-band energy distribution of
another old pulsar, using the Hubble Space Telescope (HST)
and/or large ground-based telescopes, and extend our ability
in the understanding of non-thermal magnetospheric emis-
sion of neutron stars. In particular, studying the pure non-
thermal radiation from the magnetosphere of old pulsars can
be a key to separate thermal and non-thermal radiation of
younger pulsars.
c© 2013 RAS, MNRAS 000, 1–8
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